Nitrogen photo¯xation mediated by various photocatalysts has received extensive concerns in recent years. In this work, a general strategy is proposed to enhance nitrogen photo¯xation performance with some W 18 O 49 -based photocatalysts under visible-light irradiation. A series of photocatalysts were successfully synthesized in the presence of some noble-metal-free transition metals (Fe, Co and Ni) to modify the urchin-like W 18 O 49 . The resulting photocatalysts were systematically characterized using XRD, SEM, EDS, XPS, PL, N 2 adsorption-desorption isotherms, and DRS. Structural characterization of the photocatalysts revealed that the crystal morphology features were preserved, optional harvesting properties were enhanced, BET speci¯c surface area was extended, and migration e±ciency of the photo-induced charge carriers was signi¯cantly improved in the modi¯ed-W 18 O 49 materials. Therefore, a progressed nitrogen photo¯xation performance was observed. The maximum production of NH þ 4 was approximately reached to 2752 g Á g À1 catal. under the optimum reaction conditions. Furthermore, a plausible nitrogen photo¯xation mechanism in the presence of the synthesized composites is also proposed.
Introduction
As far as we know, nitrogen is an essential nutrient for all living photosynthetic organisms and in many areas of the ecosystem. Although there is a high content of N 2 in the atmosphere, only very few organisms are able to use this molecule directly from air owing to its inert nature. [1] [2] [3] [4] The rapidly growing demand for ammonia by modern agricultural community and industry, made an increasing attention to necessarily convert molecular nitrogen into ammonia e±ciently. So far, the Haber-Bosch process has been identi¯ed as the most widely used arti¯cial nitrogen¯xation process in the presence of H 2 by the mediation of iron-based catalysts under red-hot temperatures and high pressures (350-600 C, . Meanwhile, a considerable emission of CO 2 into the atmosphere further accelerates the global greenhouse e®ect. [5] [6] [7] Therefore, development of more e±cient arti¯cial nitro-gen¯xation strategies under milder conditions is still a huge challenge. [8] [9] [10] Since the initial report on the nitrogen photo¯xation using Fe-doped TiO 2 photocatalyst under UVlight irradiation, 11 large amounts of novel nitrogen photo¯xation systems including metallic oxide (sul¯de)-based systems, 12 BiOX-based (X ¼ Cl, Br and I), 13 and graphite-like carbon nitride-based (g-C 3 N 4 -based) nitrogen photo¯xation systems 14 are introduced as potential photocatalysts for this purpose. 12, [15] [16] [17] [18] [19] [20] [21] [22] It is well known that O, C and N vacancy at the surface of a photocatalyst are deemed as an essential requirement to achieve a promising strategy towards e®ective nitrogen photo¯xation via light irradiation. 15, 19 For example, Zhang et al., reported nitrogen photo¯xation performance of BiOBr nanosheets containing abundant O vacancies, which can signi¯cantly promote the interfacial charge transfer and activate the adsorbed N 2 molecules. 16 In addition, Ge et al., recently fabricated a holey g-C 3 N 4 photocatalyst containing C vacancies using a thermal ammonolysis method and an approximate rate of 25.54 mg Á L À1 Á h À1 Á g À1 catal. has been achieved for the production of NH þ 4 , which is about 5.87-fold higher than that of pure g-C 3 N 4 under the same reaction conditions. 23 Recently, monoclinic W 18 O 49 has received much attention as an ideal photocatalyst for nitrogen xation process owing to its abundant surface defects, suitable band gap energy, plentiful active sites, as well as strong ability to absorb nearinfrared light. [24] [25] [26] Furthermore, Liang et al. prepared a novel full-spectrum-driven W 18 O 49 /g-C 3 N 4 heterojunction composite for nitrogen photo¯xation. Their obtained results con¯rmed a greatly higher nitrogen photo¯xation performance compared to the individual g-C 3 N 4 and W 18 O 49 . 27 Xiong et al. also developed an interesting photocatalytic system for N 2¯x ation by using Mo-doped species, which has been motivated by successful biological nitrogenizes in nature. The Mo-doped compounds are viable to promote dissociation of molecular nitrogen by re¯ning the surface oxygen defection W 18 O 49 . 28 Meanwhile, late studies have extensively reported the incredible role of transition metals on the performance of various photocatalytic N 2 xation routes. Herein, a strategy is presented to improve the nitrogen photo¯xation performance under visiblelight irradiation. A series of photocatalysts were synthesized using some familiar transition metals including Fe, Co and Ni as dopants of the urchinlike hierarchical W 18 O 49 . Structural characterizations indicated identical crystal morphology features, stronger optional harvesting properties, increased BET speci¯c surface area, and higher photo-generated carriers' separation e±ciency for the modi¯ed-W 18 O 49 photocatalysts, which led to an enhanced performance of the photocatalytic¯xation of nitrogen. The maximum NH þ 4 production was reached to $2752 g Á g À1 catal. under the optimum reaction conditions. Furthermore, a plausible mechanism is disclosed for the nitrogen photō xation by means of transition metal-doped urchinlike W 18 
Synthesis of the photocatalysts
Urchin-like hierarchical W 18 O 49 sample was prepared according to the previously reported method without any further modi¯cation. 29, 30 In a typical procedure, $ 1:6 g of WCl 6 was slowly added to an $ 80 mL solution of absolute ethanol under magnetic stirring for 0.5 h. Then, the light-yellow transparent liquid was transferred into a 100 mL Te°on-lined autoclave, sealed and heated to 433 K for 6 h. After centrifugation, the obtained precipitate was separated, washed with deionized water, and dried at 333 K overnight to give the urchin-like hierarchical powder of W 18 
Characterization of the prepared photocatalysts
All the prepared specimens were systematically characterized by X-ray powder di®raction (XRD, Bruker D8, Germany), di®use UV-Vis spectroscopy (DRS, Solid UV-2201, Japan), scanning electron microscopy (SEM) equipped with an energy-dispersed spectrometer (EDS, JSM-6510LV, Japan), photoluminescence technique (PL, Cary Eclipse, USA), X-ray photoelectron spectroscopy (XPS, Thermo Escalab-250, USA) and N 2 adsorptiondesorption isotherms (BET, ASAP 2020, Micromeritics, USA).
Photocatalytic N 2¯x ation reactions
All photocatalytic nitrogen¯xation reactions in this study were performed on a $ 200 mL quartz°ask equipped with a magnetic stirrer and a 300 W Xenon lamp (Beijing Perfect Light Co., Ltd.) as the irradiation source at room temperature. The photō xation of N 2 activity was measured using a UV-Vis spectrophotometer (UV-5100B, Shanghai Yuanxi Machinery Technology Co., Ltd.). The concentration of produced NH þ 4 solution was quanti¯ed by utilizing Nessler's reagent via standard spectrophotometric method (GB7479-87).
Results and Discussion
XRD technique was used to investigate the crystal structure of the as-prepared composite photocatalysts, as shown in Fig. 1 Fig. 2(a) ], the morphologies of all transition metal-doped photocatalysts showed an urchin-like hierarchical structure, revealing that transition metal doping had not obviously changed the principal morphology of pristine W 18 It should be noted that Cu and C elements were originated from the grid substrate and reference compound, respectively. EDS analysis clearly con¯rmed that Fe, Co and Ni were successfully included within the framework of W 18 O 49 by using the solvothermal method.
In order to analyze the surface composition and chemical valence states of the as-prepared specimens, XPS technique was utilized, as displayed in Fig. 3(a) . XPS spectra of all photocatalysts obviously revealed the corresponding signals due to W, O, Fe, Co and Ni elements, respectively. Meanwhile, Fig. 3 
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Enhanced Nitrogen Photo Fixation Performance metal-doped W 18 O 49 . Binding energies at $ 35:6 eV and $ 37:7 eV can be ascribed to W4f 5=2 for W 5þ . Whereas the peak at $ 36:1 eV and $ 38:3 eV, which would be assigned to W4f 7=2 for W 6þ , is consistent with the previous report. 31 Meanwhile, the W 4f peaks evidently transfer to lower binding energy as the transition metals introduced, indicating that W 6þ is reduced to lower valence state by doping. 32 In addition, the peaks of Fe 2p , located at $ 711:5 eV and $ 724:7 eV, are assigned to Fe 3þ and Co 2p at $ 781:8 eV and $ 797:7 eV ascribed to Co 2þ . 33 Furthermore, the high-resolution Ni2p spectra show two peaks at $ 857:3 eV and 874.9 eV, which can be attributed to the Ni 2p 3=2 and Ni 2p 1=2 , respectively. 34 Those results further con¯rmed successful insertion of the target transition metals with di®erent valence states into W 18 O 49 . [34] [35] [36] The optional harvesting properties of the assynthesized samples were collected according to the UV-Vis di®use re°ectance spectroscopy. As clearly seen in Fig. 4 , all photocatalysts showed the corresponding absorption edges at $ 500 nm, which were consistent with most of the previous reports. 23, 24, 37 Compared to pristine W 18 O 49 , the transition metaldoped photocatalysts clearly demonstrated stronger optical absorption in the whole solar region. Furthermore, according to the Kubelka-Munk function, the band gap of all the samples were calculated as $ 2:7 eV, $ 2:7 eV, $ 2:67 eV and $ 2:75 eV, respectively ( Fig. 4) PL emission spectroscopy was utilized to investigate the recombination of charge carriers. 38 As shown in Fig. 4(c) , the WFe-4% sample displayed the weakest PL intensity. This phenomenon 
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Enhanced Nitrogen Photo Fixation Performance revealed the lowest recombination rate of photogenerated electron-hole pairs, which is bene¯cial to the photocatalytic¯xation of nitrogen. In order to record porosity of the prepared photocatalysts, the nitrogen adsorption-desorption isotherms together with the corresponding pore size distribution were demonstrated, as shown in Fig. 5 . All photocatalysts exhibited a typical H3-type hysteresis loop by the IUPAC classi¯cation, suggesting presence of a mesoporous structure. After doping with transition metals, BET speci¯c surface areas of WFe-4%, WCo-2% and WNi-4% were calculated as $ 72:79 m 2 Á g À1 , $ 105:25 m 2 Á g À1 and $ 30:96 m 2 Á g À1 , respectively. Enhancing the BET surface area of the mentioned photocatalysts might be attributed to doping with the transition metals, which can o®er more active sites for the nitrogen photo¯xation process. 
Photocatalytic nitrogen¯xation performance
Aqueous solutions with di®erent amounts of ethylene glycol, as the trapping agent of nitrogen photō xation were also investigated. As shown in Fig. 6(a) , the e±cacy of photocatalytic nitrogen xation with W 18 O 49 was rapidly increased with enhancing the content of ethylene glycol. The maximum NH þ 4 production of $1330 g Á g À1 catal. was gained in the presence of ethylene glycol (1 mL). However, this ability was decreased in the presence of further amounts of ethylene glycol, which re°ects that a higher amount of the trapping agent could not necessarily enhance the photocatalytic activity under the optimal concentration. In addition, the nitrogen photo¯xation experiments were further carried out using M-modi¯ed (M ¼ Fe, Co and Ni) W 18 O 49 in an aqueous solution under visible-light irradiation. Figures 6(b)-6(d) show the e®ect of di®erent nitrogen photo¯xation trapping agents (ethanol, iso-propanol, ethylene glycol and Na 2 SO 3 Þ on the e±ciency of the photocatalytic system. As described above, nitrogen photo¯xation performance and production of ammonium ion were sharply increased in the presence of ethylene glycol. Hence, this alcohol was chosen as the representative trapping agent for further studies with the optimum amount of $ 1 mL.
Moreover, the e®ect of photocatalyst type was also studied in the presence of ethylene glycol. 
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Enhanced under the same reaction conditions. Based on the obtained results, the pristine W 18 O 49 led to $1879 g of NH þ 4 per gram of photocatalyst; whereas, WFe-4%, WCo-2% and WNi-4% showed a higher performance and produced $ 2381 g Á g À1 catal., $ 2752 g Á g À1 catal. and $1906 g Á g À1 catal., respectively, indicating that the doping level of optical transition metal elements (Fe, Co and Ni) could e±ciently enhance the nitrogen photo¯xation performance of W 18 O 49 .
Based on the above characterization analysis, a plausible photocatalytic nitrogen¯xation mechanism was proposed for W 18 
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Enhanced Nitrogen Photo Fixation Performance metals-doped tungsten oxides with expanded spe-ci¯c surface could provide better redox-active sites for the nitrogen photo¯xation process.
Conclusion
In summary, novel composites of transition metal (Fe, Co and Ni)-doped W 18 O 49 were successfully prepared with enhanced photocatalytic activity for the nitrogen photo¯xation process through a wellknown solvothermal method. Compared to W 18 O 49 , the transition metal modi¯ed counterparts exhibited a similar crystal structure and showed improved optional harvesting properties, increased BET speci¯c surface area, and enhanced photogenerated charge carrier separation ability, which may contribute to the improvement of nitrogen photo¯xation performance. Moreover, the mechanism of nitrogen photo¯xation process on W 18 O 49based samples was also illuminated.
